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SO.  ABSTRACT  (CtmUnum  mi  ri»»  It  n.e.*a«r  ant  Idrnnutr  Sr  Sice*  nmmhmr) 

^The  biological  function  of  poly  (ADP-R)  based  on  its  aacroaolecular 
properties  is  envisaged  as  a  nucleic  add  conponent  of  a  cross  linking 
systea  capable  of  pronoting  or  inhibiting  the  regulatory  effect  of 
chroaatln  proteins  on  transcription.  Two  examples,  the  action  of 
triiodothyronine  and  of  ehenical  carcinogens  illustrate  this  cootplex 
action  of  the  honopolyner  functioning  as  a  protein  Modifier.  —  - ~  ' 
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20.  (cont.) 

-^"Although  SNA  and  SNA  can  be  profitably  studied  in  Isolated 
systeas  without  paying  attention  to  poly  (AEP-R) ,  Integration 
with  cellular  physiology  makes  It  mandatory  to  Include  poly 
(ABP-R)  as  a  nucleic  acid  that  possesses  exclusively  regulatory 
function. 
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INTRODUCTION.  It  was  discovered  In  1965-G7  and  confirmed  10  years  later  that 
pharmacological  doses  of  nicotinamide  Induce  a  transient  increase  In  the  bio¬ 
synthesis  of  hepatic  tryptophane  pyrrolase,  tyrosine  transaminase  (1,  2)  and 
cardiac  ornithine  decarboxylase  (3,  4).  No  nicotinamide  related  metabolic  path¬ 
way  other  than  the  polymerization  reaction  leading  from  NAD  to  the  nuclear  homo¬ 
polymer  poly(ADP-R).  could  be  implicated  In  the  regulation  of  the  process  of 
enzyme  Induction.  It  was  concluded  that  inhibition  of  the  polymerization  path¬ 
way  by  large  doses  of  nicotinamide  may  have  a  modifying  (de-repressing)  effect 
on  rates  of  selective  protein  synthesis.  The  most  probable  site  of  this  type  of 
regulation  appeared  to  be  at  the  transcription  level  because  the  selective 
nuclear  localization  of  poly(RDP-R)  confined  covalent  protein  modification  to 
chromatin.  It  was  therefore  postulated  that  a  detailed  study  of  covalent  modi¬ 
fication  of  nuclear  proteins  by  PolyfADP-R}!  may  lead  to  the  recognition  of  new 
mechanisms  of  chromatin  regulation  by  this  natural  product.  Since  our  early 
observation  (1)  some  aspects  of  the  enzymology  and  primary  structure  of  poly- 
(ADF-R)  we  re.  described  (5).  However,  neither  the  macromolecular  properties  of 


the  homopolymer  nor  Its  physiological  function  have  been  adequately  clarified. 

The  present  report  Is  confined  to  a  description  of  ongoing  investigations 
In  this  laboratory  concerned  with:  a)  macromolecular  properties  of  the  poly- 
disperse  homopolymer,  Identifying  It  as  a  nucleic  acid  exhibiting  secondary 
structure,  b)  the  enzymatic  mechanisms  of  the  synthesis  and  degradation  of  the 
homopolymer  In  Intact  cell  nuclei  of  permeabillzed  cells,  representing  physio-  *■ 

logical  conditions,  c)  a  physiologically  meaningful  participation  of  poly(ADP-R)'  r 

In  the  regulation  of  RNA  synthesis  In  cardlocyte  nuclei  and  d)  the  role  of  poly- 
ADP-rlbosylatlon  In  cancer  pronotion  and  the  prevention  of  carcinogenesis  by  an 
inhibitor  of  the  synthetase  In  human  fibroblasts. 

MATERIALS  AND  METHODS.  Large  scale  Isolation  of  pure  polydisperse  protein  free 
poly(A0P-RJ  was  carried  out  by  a  recently  developed  affinity  chromatography 


technique  (6,  7)  and  chain  lengths  determined  as  reported  earlier  (8).  Synthe- 

taso  and  glycohydrolase  assays  and  Isolation  of  nuclei  were  performed  as4nM^dforptt'bUo^  • 

. .  **  distribution'10 
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^published  previously  (9,  10)  end  gel  electrophoretic  separation  of  pcpteln- 
poljfwr  adducts  by  recently  developed  techniques  (11,  12).  Culturing  of  9L-Rat 
Brain  GHosarcoma  cells  (13)  and  their  peraeablllzatlon  (14)  as  well  as  con¬ 
ditions  of  Incubation  and  treatment  are  described  elsewhere  (11).  In  vitro 
carcinogenesis  with  human  fibroblasts  was  tested  as  has  been  reported  (15). 
RESULTS  AND  DISCUSSION. 

*)  Macromolecular  properties  of  polydlsoers  t>oly  (ADP-R). 

In  contrast  to  covalent  modification  of  proteins  by  phosphorylation,  ace? 
tylation,  adenylylatlon,  etc.,  where  the  modifying  groups  are  relatively  small 
molecules,  the  homopolymer  of  ADP-R  Is  a  macromolecule  Itself,  extending  to 
polymers  of  at  least  40  to  70  ADP-R  units  long  (5,  8,  10).  We  assisted  that  the 
macromolecular  nature  of  the  homopolymer  could  play  an  essential  function  In 
either  facilitating  or  Inhibiting  protein-protein  or  protein-nucleic  acid  as¬ 
sociations  (16).  The  possibly  specific  promoter  or  Inhibitory  role  of  poly- 
( ADP-R)  In  macromolecular  Interactions  In  chromatin,  serving  a  biological  cross 
linking  function,  would  appear  Improbable  If  poly(ADP-R)  chains  resembled  the 
random  structure  of  polysaccharides.  Apart  from  the  primary  structure  of  the 
homopolymer  consisting  of  repeat  o-glycosldlc  rlbose-rlbose  and  pyrophosphate 
bonds  (17-20),  no  Information  exists  that  deals  with  macromolecular  structural 
aspects  of  poly(ADP-R).  With  the  aid  of  a  newly  developed  preparative  method 
(6)  sufficient  quantity  of  highly  purified  polydlsperse  poly(ADP-R)  became 
available  for  the  correlation  of  spectral  properties  of  oligomers  with  their 
chain  length  (6). 

When  A280/A26o  rat1°  *nd  hypochromlclty  of  oligomers  Is  plotted  against 
the  length  of  oligomers,  separated  by  molecular  filtration  on  Sephadex  6-50,  a 
characteristic  correlation  Is  obtained  as  shown  In  Fig.  1. 

It  Is  evident  that  at  a  chain  length  of  9  ADP-R  units  a  transition  occurs, 
consistent  with  the  appearance  of  a  secondary  structure  that  Is  chain  length  de¬ 
pendant.  The  developing  solvent  In  this  experiment  was  1  M  NaCI  buffered  with 
100  #1  Trls  Cl  to  pH  7.0  (molecular  filtration,  bottom  curve  Fig.  1). 

Mth  long  chain  polymers  (n  •  35  -  45)  the  concentration  of  the  solvent  was 
varied  from  0  to  1000  mH  phosphate  (pH  7.0).  An  Ionic  strength  dependent  In¬ 
crease  In  *280^*260  was  observed  as  Illustrated  In  Fig.  2. 

A  temperature  dependence  of  "as  also  observed  that  was  largest  for 

long  chain  polymers  (not  shown).  This  chain  length  and  Ionic  strength  cor¬ 
related  spectral  behavior  of  poly  (ADP-R)  strongly  suggested  a  secondary 
structure  of  the  homopolymer,  a  conclusion  further  confirmed  by  circular  dlchro- 
«sm  analyses,  a  technique  that  has  been  particularly  suitable  for  conformational 
analyses  of  nucleic  acids  (21,  22,  23).  —  -  - 
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/  As  Illustrated  in  Fig.  3  characteristic  e  values  of  long  choln  (p.«  45) 
/polymers  exhibited  •  narked  temperature  dependence.  At  5*  two  positive  bands  ' 
f  (272.5  and  205  nm)  and  one  large  negative  band  (at  249.5  nm)  were  apparent  with 
•  shoulder  at  222  to  225  nm.  However,  at  72* •  both  large  positive  and  negative 
bands  disappeared  and  were  replaced  by  a  new  negative  band  at  267.5  nn  with 
Isosbestlc  points  at  228  and  259  nm.  A  clearly  recognizable  red  shift  occurred 
between  5*  and  72*  and  a  melting  curve  was  obtained  by  plotting  e  at  249.5  nn 
•gainst  temperature  (Inset).  A  comparison  of  CO  spectra  of  long  (n  •  45), 

i 

,  medium  (n  «  15  -  20)  and  short  (n  »  4  -  9)  oligomers  at  three  temperatures  are 
1  !  summarized  In  Fig.  4. 

I  Largest  effects  were  seen  with  long  chain  polymers.  Between  5*  and  25*  the 

i  red  shift  with  oligomers  of  medium  chain  length  was  readily  discernible  because 
only  the  position  of  the  peak  of  e  but  not  Its  magnitude  varied.  In  case  of 
;  short  oligomers  no  red  shift  was  seen  and  at  72*  the  differences  between  CD 
spectra  of  varying  chain  length  completely  disappeared. 

Although  precise  Interpretation  of  these  results  depends  on  further  studies 
(e.g.  X-ray  diffraction)  that  are  presently  pursued.  It  Is  evident  that  poly- 
(ADP-R)  exhibits  characteristic  structural  parameters  reminiscent  of  nucleic 
acids,  and  this  homopolymer  can  justifiably  be  defined  as  the  third  nucleic  acid. 

b)  Enzymatic  mechanism  of  the  synthesis  and  degradation  of  poly(AOP-R)  In 
Intact  cell  nuclei. 

Although  the  enzyme  which  apparently  catalyzes  the  synthesis  of  poly(ADP-R) 
was  first  Isolated  In  Hayalshl's  laboratory  (cf.  5)  and  Identified  as  a  protein 

of  a  molecular  mass  of  110-120  kd,  there  Is  considerable  uncertainty  related 

^  • 

to  Its  catalytic  mechanism  as  well  as  Its  Integration  with  Intact  chromatin.  In 
the  purified  form  of  the  enzyme  two  distinct  catalytic  functions  are  retained; 
one  Is  an  NAD  gly cohydrolase  activity*  releasing  free  ADP-R  and  NA,  the  second. 
Is  the  polymerase  activity  that  utilizes  the  enzyme  as  a  covalently  binding 
protein  template.  Auto-poly  ADP-rlbosylatlon  of  the  pure  enzyme  results  In  an 
Inhibition  of  the  catalytic  activity  of  the  enzyme  and  no  transfer  of  ADP-R  from 
the  enayme  bound  polymer  to  other  protein  acceptors  takes  place  (24),  a  situa¬ 
tion  which  is  In  sharp  contrast  to  conditions  measured  In  vivo,  where  a  large 
variety  of  mostly  non  histone  proteins  are  poly  ADP-rlbosylated  (8,  9,  10,  11, 
12).  He  have  found  that  AOP-R  readily  forms  ScMff  bases  with  a  variety  of 
proteins  (25)  and  It  was  shown  that  these  adducts  can  serve  as  templates  for 
polymer  elongation  (28).  It  appears  that  the  NAD  gly  cohydrolase  activity  of  the 
polymerase  by  releasing  ADP-R  can  serve  as  an  Initiator,  forming  proteln-AOP-R 
|  adducts  (25)  to  which  polymer  chains  can  be  added,  comprising  a  reasonable 
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italytlc  process  of  polymerization. 
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We  have  approached  this  problem  by  determining  polyadenosine  diphosphori- 
bose  formation  In  nuclei  of  permeablllzed  cells  representing  a  physiological 
condition  (11)  and  compared  the  experimentally  obtained  chain  length  distribu¬ 
tion  at  equilibrium  with  that  calculated  according  to  Florey  (27).  Assuming  a 
linear  relationship  between  chain  length  and  fraction  number  (8)  with  Nn  Mx 
occurring  at  n  ■  70  we  plotted  Un/Mn  Mx  against  chain  length  (n)  and  calcula¬ 
ted  a  Poisson  distribution  according  to:  1^/W,,  mx  st  (v/n )n  ex>.  (n-  v)  with 
v  •  70. 

As  shown  In  Fig.  5,  there  Is  coincidence  at  longer  chain  length  between 
experimental  values  (dots)  and  the  calculated  distribution  (solid  line),  but  a 
discrepancy  at  shorter  chain  length. 

The  most  plausible  cause  for  this  departure  Is  In  a  collection  of  Initia¬ 
ting  sites  differing  in  the  rate  at  which  chains  are  cowmen cod,  l.e.  AOP-R 
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protein  adducts  are  formed.  "Once  chains  are  Initiated  and  surp^s  son  minimum 
size  their  growth  rate  should  be  Invariant  and  no  longer  reflect  their  pofnt  of 
origin.  It  follows  that  the  most  critical  regulation  Is  at  the  nucleophyllc 
protein  sites  of  AOP-rlbosylatlon  and  recognizing  this  fact  It  Is  now  feasible 
to  search  for  specific  nuclear  protein  acceptors  relevant  to  the  physiological 
function  of  poly  ADP-rlbosylatlons. 

The  rates  of  degradation  of  Intranuclearly  formed  polymers  exhibit  an  In¬ 
verse  relationship  to  the  concentration  of  the  Intranuclear  polymer,  as  shown 
In  Table  1. 

TABLE  I. 

The  Influence  of  Intranuclear  concentration  of  poly(ADP-R)  formed  from  50 


or  500  uM  NAD  on  the  decay  of  poly(ADP-R). 

Externally  added  NAD 

Nuclear  concentration  of 
poly(ADP-R)* 

t1/2  Poly  (ADP-R) 
decay 

50  vM 

0.6  un 

3  min. 

500  uN 

13.0  jiM 

IB  min. 

*  as  uK  ADP-R. 

Cells  were  Incubated  with  50  or  500  uM  NAD  for  10  minutes,  then  the  synthe 
tase  reaction  was  stopped  by  a  specific  Inhibitor  (benzamlde)  and  tj/g  of  decay 
determined. 


This  unexpected  Intranuclear  kinetics  Indicates  that  at  high  NA0  levels 
where  the  polymer  content  Is  high  the  rate  of  polymer  degradation  Is  slow.  This 
type  of  kinetic  regulation  has  Important  metabolic  consequences  since  poly(ADP-R) 
Is  In  the  direct  catabolic  path  of  NAD  turnover  (28);  thus  the  cellular  regula¬ 
tion  of  HAD  content  depends  on  poly(ADP-R)  glycohydrolase  activity.  The  proba¬ 
ble  enzymatic  basis  of  the  regulatory  phenomenon  Is  the  high  sensitivity  of 
poly(AOP-R)  glycohydrolase  to  product  Inhibition.  It  also  follows  that  at  high 
concentration  of  cellular  NAD  Its  catabolism  via  poly(ADP-R)  Is  slow,  whereas 
yihen  NAD  concentration  Is  decreased  as  In  various  pathophysiological  conditions 
(e.g.  precancerous  state,  cf.  10)  catabolic  rates  of  both  NAD  and  the  polymer 
•art  Increased.  The  cellular  physiological  consequences  of  these  kinetic  phe¬ 
nomena,  Indicating  an  Intimate  coupling  of  metabolic  and  epigenetic  processes, 
represent  an  as  yet  unexplored  new  field. 

c.  Participation  of  Poly(ADP-R)  In  the  regulation  of  RNA  synthesis  In 
cardlocyte  nuclei. 

Cardiac  enlargement  Induced  by  stress  Is  probably  mediated  by  develop¬ 
mental  hormones  and  we  have  shown  (29-33)  that  poly  AOP-rlbosylatlon  Is 
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character  1  st  1c»Uy  diminished  by  thyroid  and  steroid  honaoncs  in  vivo,  an  effect 
■Iso  reproducible  In  vitro  with  Isolated  nuclei  at  hormone  concentrations  of 
1Cr7M  (91).  The  correlation  between  triiodothyronine  treatment  Induced  cardiac 
enlargement,  poly(ADP-R)  and  RNA  synthesis  Is  shown  In  Table  II. 

TABLE  II. 

The  effect  of  triiodothyronine  adninl strati on  on  heart  weight  and  poly- 
(ADP-R)  and  RNA  polymerase  activities  of  cardlocyte  nuclei. 


Experimental 

Conditions 


Heart  Weight 
(In  g) 


Cardlocyte  nuclear 

poly(AOP-R)  RNA  polymerase 
polymerase,  p  mol  UMP/mg 
n  mol  AOP-R/  DNA  In  10  min. 
mg  ONA  In 
10  min. 


Normal  control 
(saline  treated 
n  *  24) 

T3  treated* 

J(n  *  24' 


0.28  ♦  0.02  195  *  10 


0.41  ♦  0.02  54  +  4 


400  +  10 


700  +  20 


The  complex  mechanism  of  these  phenomena  is  Illustrated  In  Fig.  6*  where 
the  effects  of  In  vitro  poly  AOP-rlbosylatlon  In  Isolated  cardlocyte  nuclei  on 
RNA  synthesis  In  vitro  was  determined.  Cardlocyte  nuclei  Isolated  from  normal 
rats.  If  poly  ADP-rlbosylated  (by  preincubation  with  0.5  nfl  NAD  +  Mg2+  for 
30  minutes  at  25*)  show  no  modification  of  RNA  synthesis  (left  half  of  Fig.  6; 

— 0-0-*  control ; -m— #-  after  poly  AOP-rlbosylatlon).  However,  when  the  same 
experiment  Is  performed  with  cardlocyte  nuclei  Isolated  from  rats  treated  for 
4  days  with  30  yg/100  g  triiodothyronine,  poly  AOP-rlbosylatlon  In  vitro  pro¬ 
foundly  Inhibits  RNA  synthesis  (right  part  of  Fig.  6,  -0-0-  «  controls; 
after  poly  AOP-rlbosylatlon).  To  demonstrate  that  not  NAD  but  poly(AOP-R)  was 
the  Inhibition  producing  component.  In  a  third  experiment  the  poly(AOP-R)  poly¬ 
merase  was  Inhibited  by  20  NN  nicotinamide  (that  Itself  has  no  effect  In  this 
system)  and  there  was  no  Inhibition  when  nuclei  were  prelneubated  with  NAD  +  NA 
(Fig.  6,  right  side -A-#-  preincubation  with  O.S  mM  NAD  ♦  20  m#t  NA).  These 
results  cannot  be  explained  by  ■  direct  Inhibition  of  RNA  synthesis  by  poly 
AOP-rlbosylatlon  of  ANA  polymerase  enzymes  oven  though  poly  AOP-rlbosylatlon  of 
RNA  polymerase  has  boon  demonstrated  (34).  It  Is  well  known  that  developmental 
hormones  augment  selective  protein  synthesis  (38)  and  the  large  Increase  of 
cardiac  tissue  demonstrates  this  effect.  That  inhibitory  effect  of  poly  AOP- 
ribosylation  on  RNA  synthesis  ip  vitro  occurs  only  after  stimulated 


f  hypertrophy  suggests  that  proteins  that  have  been  Induced  by  T3  treatment  can 
exert  an  Inhibitory  effect  on  RNA  polymerases  only  when  poly  ADP-ribosylated. 
Poly  ADP-rlbosylatlon  apparently  serves  as  a  coupling  or  cross  linking  agent 
between  Inducible  regulatory  non  histone  proteins  and  their  sites  of  action  pre¬ 
sumably  at  the  DNA  template  level.  In  terms  of  physiology,  the  reversal  of  the 
phenomena  shown  In  Fig.  6  may  represent  the  return  to  normal  resting  state  after 
the  poly  (ADP-R)  synthetase  inhibitory  (hormonal)  factors  diminished  to  a  low 
concentration  existing  in  the  non  stimulated  state. 


It  follows  that  poly (ADP-R)  can  serve  as  a  marker  for  the  Identification  of 
proteins  that  may  be  deterministic  In  the  regulation  of  selective  transcription 
processes.  This  type  of  mechanism  predicts  some  degree  of  selectivity  In  the 
nature  of  poly(ADP-R)  accepting  nuclear  proteins  and  this  has  been  observed  ex¬ 
perimentally  (12).  Fig.  7  Illustrates  a  one  dimensional  separation  by  gel 
electrophoresis  of  poly  ADP-ribosylated  nuclear  polypeptides  extracted  from 
cardfocyte  nuclei  that  were  Isolated  from  normal  and  T3  treated  rats.  Poly 
ADP-rlbosylatlon  was  performed  in  vitro  with  Isolated  cardlocyte  nuclei.  The 
left  part  (A)  shows  results  obtained  from  controls  and  the  right  (B)  after  T3 
treatment.  Left  ordinate  Is  the  radioactivity  of  poly (ADP-R);  right  ordinate 
the  A570  of  stained  protein  bands  and  abscissa  Indicates  gal  slices  with 


molecular  weight  markers  [-++-  -  radioactivity: -  A^q).  It  is  apparent  ftoro 

A  that  non  histone  proteins  are  predominantly  poly  ADP-ribosylated  in  vitro  in 
controls,  and  histones  only  much  less  so.  The  largest  diminution  of  poly  ADP- 
ribosylation  by  In  vivo  T3  treatment  occurred  with  130,  and  65-90  kd  molecular 
■ass  polypeptides.  Present  research  Is  concerned  with  further  discrimination  of 
these  proteins  and  with  the  effect  of  poly  AOP-ribosylation  on  their  specific 
UNA  binding  characteristics. 


Fig.  7. 


A  striking  and  sustained  Increase  In  poly  AOP-ribosylation  of  non  histone 


proteins  was  observed  In  the  chemical  carcinogen  Induced  precancerous  state  (10) 
and  we  found  recently  that  the  promoter  process  of  carcinogenesis  (36)  itself 
chronologically  coincides  with  this  Increase  of  poly  AOP-ribosylation  even  In 
the  absence  of  a  carcinogen.  It  was  postulated  that  selective  Inhibition  of 
poly  AOP-ribosylation  should  prevent  carcinogenesis  by  removing  the  DNA  repair 
Inhibiting  (36)  effect  of  Increased  poly  AOP-ribosylation.  This  prediction  was 
verified  with  a  variety  of  carcinogens  using  human  fibroblast  transformation  as 
a  bioassay  (15). 

These  undoubtedly  biologically  significant  results  demonstrate  a  readily 
recognizable  function  of  poly(AOP-R)  In  cell  biology  that  has  an  Immediate  sig¬ 
nificance  In  cancer  chemotherapy,  since  It  Is  predictable  that  carcinogenic 
action  of  chemotherapeutic  agents  will  be  abolished  by  the  simultaneous. 


t  ■ 

fctaini strati on  of  benzamide.  This  urgent  prohleo  is  being  pursued. 

TABLE  III.  (cf.  37) 

Prevention  of  carcinogenesis  in  human  fibroblasts  by  ImM  benzamide,  a 
specific  inhibitor  of  poly(ADP-R)  polymerase. 


No. 

Treatment  of  cells  ** 

No.  of  cancer  cell  colonies 
formed  /  50,000  cells 

1. 

Methylazoxy-methanol-acetate 

300  -  350 

2. 

1  +  benzamide 

1 

8. 

N-me-N-n 1 trosoguan i di ne 

45-50 

4. 

3  +  benzamide 

1 

5. 

3-hydroxy- 1- propane  sulfonic  acid 
B-propiolactooe. 

40  -  42 

6. 

5  +  benzamide 

1 

7. 

Benzamide 

1 

**  Carcinogenesis  was  induced  by  exposing  human  fibroblast  after  release  from 
G-|  block  for  10-14  hours  to  1  uM  carcinogens.  The  preventive  effect  of 
benzamide  runs  paralell  with  its  inhibitory  effect  of  poly(ADP-R)  synthetase, 
which  enzyme  system  is  greatly  increased  at  this  stage. 

CONCLUSIONS.  The  biological  function  of  poly(ADP-R)  based  on  its  macromolecular 

properties  Is  envisaged  as  a  nucleic  acid  component  of  a  cross  linking  system, 

capable  of  promoting  or  inhibiting  the  regulatory  effect  of  chromatin  proteins 

on  transcription.  Two  examples,  the  action  of  triiodothyronine  and  of  chemical 

carcinogens  Illustrate  this  complex  action  of  the  homopolymer  functioning  as  a 

protein  modifier. 

Although  DNA  and  RNA  can  be  profitably  studied  in  Isolated  systems  without 
paying  attention  to  poly(ADP-R), Integration  with  cellular  physiology  makes  it 
mandatory  to  Include  poly(ADP-R)  as  a  nucleic  acid  that  possesses  exclusively 
regulatory  function. 
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